ABSTRACT We have produced three dimensional reconstructions, at a nominal resolution of 5 nm, of thick filaments from scorpion and Limulus skeletal muscle, both of which have a right-handed four-stranded helical arrangement of projecting subunits. In both reconstructions there was a distinct division of density within projecting subunits consistent with the presence of two myosin heads. Individual myosin heads appeared to be curved, with approximate dimensions of 16 x 5 x 5 nm and seemed more massive at one end. Our reconstructions were consistent with the two heads in a projecting subunit being arranged either antiparallel or parallel to each other and directed away from the bare zone. Although we cannot exclude the second of these interpretations, we favor the first as being more consistent with both filament models and also because it would enable easy phosphorylation of light chains. The antiparallel interpretation requires that the two heads within a subunit derive from different myosin molecules. In either interpretation, the two heads have different orientations relative to the thick filament shaft.
The thick filaments of invertebrate muscle are constructed from myosin arranged over an underlying core of paramyosin. The rodlike tails of the myosin molecules, together with paramyosin, make up the shaft of the filaments, whereas, in relaxed muscle, the globular myosin heads are arranged helically on the filament surface. During contraction these heads become attached to the thin, actin-containing filaments and form the cross-bridges that mediate the relative sliding of the interdigitating filament arrays.
x-ray diffraction studies (30) (31) (32) have indicated that the myosin heads in relaxed Limulus muscle are arranged on a helical lattice with 3N-fold screw symmetry and an axial spacing between cross-bridges of 14.5 nm. We have previously described protocols that permitted the relaxed structure to be preserved in thick filaments isolated from arthropod skeletal muscles (10) . Electron micrographs of this material gave optical diffraction patternsand computed Fourier transforms that closely resembled the x-ray diffraction patterns of relaxed muscle (30) (31) (32) . Analysis of these images by optical and computer methods demonstrated that, in filaments from the muscles of the horseshoe crab Limulus polyphemus, the tarantula, Eurypelma sp., and the scorpion Vejovis spingera, the myosin heads are arranged on a right-handed, four-stranded helical lattice (10, 11, 13, 16, 24) . Our earlier studies, at a resolution of ~7 nm, also indicated that the projecting subunits on the Limulus filament surface were bent and elongated, approximately 20 x 8 x 8 nm and arranged at -55* to the filament axis (24) . We interpreted these projecting subunits to be the two heads of a myosin molecule, but we could not identify individual heads or specify their orientation. Furthermore, although thick filaments from a number of arthropod muscles all have the same helical arrangement of projecting subunits, they differ in both paramyosin content and shaft diameter (10, 13, 16) . This raises the question of whether the detailed arrangement of myosin heads is similar in each filament.
In the present study we examined the three dimensional structure of thick filaments from the scorpion Vejovis spinigera and reinvestigated Limulus thick filaments at higher resolution. We employed a more sophisticated procedure of computer analysis that makes it possible to separate overlapping contributions on layer lines from terms deriving from Bessel functions of different order. In this way we have produced three-dimensional reconstructions of these filaments to nominal resolutions better than 5 nm, in which the distribution of density is consistent with the presence of two myosin heads in each projecting subunit. These reconstruc-tions also contain information on the size, shape, and orientation of individual myosin heads.
MATERIALS AND METHODS
Thick filaments were isolated from whole tail muscles of the scorpion Vejovis .,pinigera by a modification of the technique of Hardwicke and Hanson (8) similar to that previously used to isolate Limulus and tarantula thick filaments (10, 16, 24) , which is described in detail elsewhere (13) . Specimens were negatively stained with 1% uranyl acetate as previously described (10) and examined with a JEOL 100S electron microscope at 80 kV with the anticontamination device in operation. Electron micrographs of Limulus thick filaments were obtained as described (10) . Optical diffraction was performed as previously described (10) (11) (12) . Images for computer processing were selected on the basis of the correspondence of their optical diffraction patterns to x-ray diffraction patterns from whole muscle (30) (31) (32) and the strength of high-frequency reflections. Micrographs were digitized at intervals corresponding to a spacing of ~1 nm on the original object. Fourier transforms were computed and layer-line data were obtained as described previously (12, 24) . Terms on layer lines that derived from overlapping contributions from Bessel functions of different order were separated by least-squares analysis of a number of filaments that had different azimuthal rotations using software written by Dr. R. A. Crowther and described in detail elsewhere (2) . Reconstructions produced by Fourier-Bessel inversion (3) were displayed either as contour plots or as pseudo-solid images using an AED 767 display terminal (AED Inc., Sunnyvale, CA) and software written by Drs. T. Horsnell, E. H. Egelman, and A. Lesk.
The distribution of stain around helical particles is usually not symmetrical. This may introduce small errors in the equator in computed Fourier transforms, so the radial variation of density in the reconstruction may not be strictly correct. In muscle thick filaments there is an additional problem related to their being composed of a dense central shaft surrounded by a halo of myosin heads. Since only information to a resolution of 5 nm was included in the syntheses, the boundary between shaft and heads was not clearly defined. Thus the density due to the heads becomes superimposed on a sloping background deriving from the shaft, and this could alter their detailed shape slightly in a radial direction. We circumvented these problems by omitting the equatorial data from the reconstruction, since the shaft contributes mainly to the equator whereas the major contribution from the heads is to the layer lines. However, removing the equator also omits from the synthesis any circumferentially averaged radial density variation associated with the heads. This is equivalent to assuming that the circumferentially averaged density due to the heads is constant in a radial direction. Although this assumption may not be strictly correct, it is unlikely to have altered the interpretation significantly. Nevertheless, we always compared reconstructions in which the equator was alternatively absent or present and only considered features that were present in both reconstructions as unlikely to be artifactual.
To establish molecular boundaries and to assess the significance of some features in the reconstructions, it was necessary to have an idea of the volume of myosin heads. The volume of individual vertebrate skeletal myosin S-I heads, prepared by proteolysis, has been estimated at 151 nm ~ (18) . This material contained a heavy chain of-90,000 mol wt and two degraded light chains, so that its aggregate molecular weight was ~ 120,000 (giving a density o f -8 0 0 D/nm3). Some material had probably been lost during proteolysis, and sequence studies (17) indicate that the heavy chain weight in an intact head is -98,000 mol wt. This, with two light chains, would give an aggregate molecular weight of ~ 140,000, corresponding to a head volume of ~ 175 nm 3. However, because it has a grain size of ~2 nm, negative stain would be unlikely to outline the head exactly. This would be particularly so where the head was adjacent to the shaft and so the volume of a head outlined by negative stain would be larger. To compensate for this we used a volume of 250 nm 3, corresponding to a density of 500 D/nm 3, for the heads. To ensure that features seen in the reconstructions were not artifacts associated with this particular choice of volume, we also examined a range of head volumes and found that the overall interpretation was not very sensitive to this parameter. although similar, are not identical. The shaft diameter of Limulus filaments is ~24 nm (10) , whereas that of scorpion is ~ 18 nm (13). Optical diffraction patterns (Fig. 2 ) of the two types of filament were also similar, with strong first and fourth layer lines together with a strong third layer line meridional intensity. These patterns closely resemble those obtained from relaxed whole muscle (30) (31) (32) • We showed elsewhere (13, 24) that both filaments have a right-handed four-start helical surface lattice with a pitch of 174 nm, 12 times the 14.5 nm unit axial translation• Thus, the diffraction patterns represent sums of Bessel functions of order 0 and +12N (N = 1, 2, 3, •.. ) on layer lines that are a multiple of 3 and sums of Bessel functions of order 4N, where N is not a multiple of 3 (that is 1, 2, 4 . . . . ), on all other layer lines (see reference t4). Since there is substantial overlap between these Bessel function terms, reliable reconstructions to high resolution can only be obtained if contributions from terms deriving from different Bessel orders along each layer line are separated• We did not do this in our earlier low-resolution study and consequently obtained a view of only the overall shape of the projecting subunit (24) in which substructure was not well resolved• In the present study, we resolved Bessel terms with order up to _+ 16 by least-squares analysis of particles with different azimuthal orientations. Relative particle rotations were determined from the inner regions of the first and fourth layer lines (where there was negligible overlap of terms deriving from terms of different Bessel order), and, because there are 12 subunits per helical turn, these rotations were specified within the range 0 to 30*.
RESULTS

Electron Micrographs of Scorpion and Limulus Thick Filaments
Three-dimensional Reconstruction of Scorpion Thick Filaments
Six filaments, selected on the basis of their optical diffraction patterns and that had relative orientations of 0, 2, 15, 17, 23, and 25", were used to separate overlapping terms deriving from Bessel functions of different order on the equator and first nine layer lines. The least squares residual from this analysis represented 13.2% of the total intensity on layer lines l to 9, inclusive. (The least squares residual represented only 2% of the total intensity if the equator was included, but this was because all filaments were essentially cylindrical. We thought that the residual excluding the equator gave a better impression of reliability, since it was these data that were primarily responsible for the shape of the heads in the reconstructions.) The observation that 87% of the intensity was consistent with the final separation indicated a high degree of internal consistency in the data. Table I shows the terms extracted by this procedure and used in the reconstruction. Terms that represented < 1% of total intensity and those in which the phase did not oscillate as expected (see reference 14) were rejected. Reliable data extended to ~0.25 nm -~ on layer lines 1 to 4 and to between 0.2 and 0.25 nm -~ on layer lines 5 to 9. Thus, data to a resolution of 4-5 nm were included in this synthesis. Terms that derived from Bessel functions of order 16 were the highest used in the reconstruction, and these corresponded to an azimuthal resolution of about 5.5 nm at the radius of the heads.
Figs. 3 and 4 show reconstructions obtained both with and without the contribution from the equator. The surfaces generated in these figures show the outline at a density corresponding to a head volume of-250 nm ~ (or a density of 500 D/nm3). Representations were also obtained at several other density levels, corresponding to a range of densities of 400 to 1,000 D/nm 3, and these showed essentially the same features, although naturally some of the more delicate aspects were less pronounced at higher density thresholds. In addition, inspection of contour plots of serial sections (axial, circumferential, and perpendicular to the axis) confirmed that the features identified were genuinely present in the reconstruction and were not artifacts associated with a particular density threshold. The slightly smaller size of the projecting subunits in the reconstruction containing the equator was a consequence of the general decrease in density with increasing radius associated with the equatorial data. This sloping back- ground had the effect of increasing the size of the subunits at low radius (where they were partially obscured by the large density associated with the filament shaft) and decreasing their size at higher radii. It also slightly decreased their apparent radius in the reconstruction. However, detailed inspection of the two reconstructions indicated that the same major structural features were present in each. Both reconstructions showed distinct helical ridges with a marked ziz-zag pattern made up of overlapping subunits projecting from the shaft. This closely resembled the pattern seen in shadowed filaments (1 l, 13). The projecting subunits in these ridges were oriented at ~55 ° to the filament axis, which corresponds to ~30* to the path of the 174 nm longpitch helix. That the projecting subunits appeared to be composed of two lobes was most easily seen when the reconstrnctions were viewed at an angle to the filament axis (Fig.  4) . The projecting subunit center of mass was at a radius of ~ 12.5 nm. Contour plots of cylindrical sections through the reconstruction (Fig. 5) showed clearly that the density in each projecting subunit was divided into two, with the lobe nearer the bare zone being stronger at higher radii whereas the lobe more distant from the bare zone was stronger at lower radii. Thus each subunit had two lobes located at slightly different radii with their centers of mass separated by ~5 nm. Although it was impossible to determine precise molecular boundaries, both lobes appeared elongated and had a narrow connecting density between projecting subunits. This connecting density was most easily seen when the equatorial data were omitted from the reconstruction, but was still present, as a surface protuberance, when these data were present (Figs. 3 and 4) . The subunits in each reconstruction had an approximate twofold axis or mirror line, which is most easily seen in Fig. 5 b.
Limulus Thick Filament Reconstruction
Figs. 3 and 4 show the reconstruction obtained from Limulus thick filaments. Seven filaments having relative orientations of 0, 1, 7, 8, 9, 16, and 29* were employed to separate overlapping Bessel terms, and the least squares residual for layer lines 1 to 9 represented 12.8% of the total layer line intensity. Thus, reconstructions using this data were comparable to those obtained on scorpion. Again, the nominal resolution was ~5 nm, although the quality of the higher frequency data appeared to be superior in the Limulus filaments and more higher-order Bessel terms were recovered. The present reconstruction was much superior to our earlier one (24) which extended to a resolution of only 7 nm and in which overlapping terms on layer lines were not separated. Table I lists the terms used for the synthesis.
The overall appearance of this reconstruction (Figs. 3 and 4) was similar to that obtained earlier (24) although more detail was present. The overlapping projecting subunits formed distinct ridges and each projecting subunit had a bilobed appearance. As observed previously (24), the general shape of the projecting subunits was elongated and curved, with the ends closer to the bare zone being less dense. In circumferential sections through the reconstruction (Fig. 5) , the division into two major lobes was unmistakable, whereas our earlier, low-resolution study (24) had given little indication of this feature. As in the scorpion reconstructions, the lobe closer to the bare zone was stronger at higher radii, whereas the lobe more distant from the bare zone was stronger at lower radii. The two lobes in the Limulus reconstruction appeared to be slightly more elongated than their counter° parts. Furthermore, the distance between the centers of mass of the two lobes in the Limulus projecting subunit was 7 rim, as compared with 5 nm for scorpion. However, the distance between the center of mass of the leading lobe of one subunit and the trailing lobe of the next was ~10 nm, which was essentially the same as that observed in the scorpion. The center of mass of the subunits was at a radius of ~ 15-16 rim. The angle of these projecting subunits to the 174 nm longpitch helix was about 15", somewhat lower than that observed on scorpion filaments. The narrow segment linking successive projecting subunits along the 174 nm long-pitch helix was also slightly different in the Limulus reconstructions and contained an additional minor lobe almost midway between the projecting subunits, which, in Figs. 3 and 4 , appeared as a tapering extension of the lower lobe in the projecting subunit. Like the scorpion thick filament, there is a suggestion of a two-fold axis (see particularly Fig. 5 f) , but this was not so pronounced in the Limulus reconstructions.
DISCUSSION
Comparison of the Limulus and Scorpion Reconstructions
The reconstructions of Limulus and scorpion thick filaments were quite similar and a large proportion of the variation between them can be accounted for by differences in the radius of the shaft (and so in the radius at which the heads were located) and in the angle made by the projecting subunits with the filament axis. Both reconstructions showed subunits that contained two major lobes whose extensions formed a linkage between successive subunits along a helical track. This is illustrated in Fig. 6 . In the scorpion filaments, the extensions to the lobes appeared to be slightly separated, whereas in the Limulus reconstructions they appeared to overlap to produce the secondary lobe between the projecting subunits. Thus, the two lobes in the projecting units were remarkably similar, and, furthermore, the lobes were very similar in the two different filaments. Much of the difference in the linkage between projecting subunits observed between the Limulus and scorpion filaments can probably be accounted for by a small rotation of the lobes within the projecting subunit. Thus, if both lobes in the scorpion were rotated slightly counterclockwise, the extensions would overlap, essentially as they were observed to do in Limulus. In both Limulus and scorpion reconstructions there was a strong suggestion of a dyad appearance in the projecting subunit, although in neither case was this absolute.
The observation that these features were not only found independently of whether the equatorial data were included, but were also present in reconstructions of thick filaments from two different species, greatly reinforces our confidence in them as a basis for interpretation.
Location and Orientation of the Individual Myosin Heads
The projecting subunits in both reconstructions were approximately 18 nm long, 8 nm wide, and 6 nm thick. These parameters were not very sensitive to the threshold contour FIGURE 5 Circumferential sections through the arthropod thick filament reconstructions from which the equatorial data were omitted. Bare zone is towards the bottom, a d are scorpion, whereas e-h are Limulus. These sections illustrate the division of density within a subunit into two lobes. The bare zone is towards the bottom in each section. The first unbroken contour corresponds to the density threshold employed in Fig. 3 . At low radius (10.5 nm in a and 13 nm in e), the lobe nearest the bare zone is less dense. At radii near the centre of mass of the subunit (12 and 13.5 nm in l) and c, respectively, 14.5 and 16 nm in f and g, respectively), the two lobes in the subunit are clear and of approximately equal weight. There is a continuous connecting density between projecting subunits. At high radius (15 nm in d and 17.5 nm in h), the lobe closer to the bare zone is more dense. To enable connectivity between the sections to be more easily appreciated, the horizontal scale has been altered so that features in the four maps of each filament correspond in an azimuthal sense (each spans 180 ° azimuthally). The vertical scale in each is unchanged. The bar is 10 nm and is correct both horizontally and vertically at the center of mass of the subunit (12.5 nm for scorpion and 15.5 nm for Limulus). 
,'" ,'- chosen, because the density fell off rapidly at the ends of the subunits. The projecting subunits were therefore about double the size expected of a single myosin head. Furthermore, the diameter of the Limulus shaft is approximately that expected for one myosin molecule per projecting subunit (24) . Because it was therefore unlikely that either Limulus or scorpion thick filaments contained more than one myosin molecule (that is, two heads) per projecting subunit, the two lobes of the projecting subunit probably correspond to individual heads. Although there was some overlap between the two heads within a projecting subunit, the very marked division of density seen in cylindrical sections through the reconstruction (Figs. 5 and 6) makes this interpretation compelling. In addition, the general shape of the two lobes, with their approximately spherical major density and tapering extensions, and their equivalence in size strongly supported this interpretation. Because the heads partially overlap, one cannot unequivocally establish the boundary between them. Therefore, determining their orientation and connectivity was not completely straightforward, although two general interpretations were consistent with the appearance of the reconstructions (see Fig. 7 ).
In the first (interpretation A), the two curved, pear-shaped myosin heads in a projecting subunit would be arranged antiparallel. This would account for the presence of approximate dyad axes at the center of each subunit. The narrow bridge between subunits would represent the ends of the myosin heads that taper towards their junction with the rod portion of the molecule (Fig. 7) . This junction would probably be near the midportion of the linker unit, where there is a small increase in density in both scorpion and Limulus reconstructions. In interpretation A, the two heads in each projecting subunit derive from different myosin molecules. This was, perhaps, unexpected, as one tends to associate the projecting subunits in the reconstructions with myosin molecules. However, the size (approximately 16 x 5 x 5 nm) and shape of the heads in this interpretation are not unrealistic. It is interesting that Haselgrove (9) proposed that an arrangement of myosin heads similar to that in interpretation A was necessary to account for the low-angle x-ray diffraction pattern from relaxed frog sartorious muscle and this orientation has also been tentatively suggested for tarantula thick filaments (22) . Interpretation A agrees well with the scorpion reconstructions, in which the connecting span was approximately the same size at both the top and bottom of the subunit and the dyad appearance was clearer. We can reasonably reconcile interpretation A with the Limulus reconstruction by proposing that the lower extension of the subunit represents an overlap of the two tapering "stalks" of the myosin heads and that the stalks are at slightly different radii or have different conformations so that the stalk attached to the trailing lobe in the subunit appeared more dense in the reconstructions. This was not unreasonable, since the center of mass of the trailing lobe was at a slightly higher radius than the leading lobe.
The second interpretation (B) proposes that the two heads in a subunit would be arranged parallel, with one head overlapping the other as illustrated in Fig. 7 . Both heads would be curved and pear-shaped, and the underlying head would extend further towards the Z-line. In the Limulus reconstruction, the tapering extension at the bottom of the projecting subunit (that is, closer to the bare zone) would represent the tapering stalks of the two heads. However, in the scorpion reconstruction there is little polarity in the linkage between projecting subunits.
A third but less likely interpretation would be that the antiparallel heads in a subunit derived from the same molecule, in which case the heads would be connected at the center of the subunit. The linkers between subunits would represent either tapering domains at the end of the heads distal to the junction with the rod or, alternatively, part of the head that then doubled back underneath itself to join to the rod. However, because in both cases the shape of the heads would be FIGURE 7 Illustration of possible interpretations of the reconstructions in respect to individual myosin head positions and orientations. Bare zone is towards the bottom. In interpretation A (at the middle of each filament) the two heads in the subunit are antiparallel and probably derive from different myosin molecules, whereas in interpretation B (at the top of each filament), both heads are parallel and point away from that bare zone. There are a number of indications, discussed in the text, that suggest that interpretation A is more likely. Because of the overlap between heads, it was impossible at the resolution of this study to determine exact boundaries unequivocally, and so the outlines of the heads drawn on this figure should be considered only as indications of head position in the two different interpretations. Bar, 20 nm.
rather different from that commonly accepted (4), these interpretations are probably incorrect.
The subunit shape and size in both interpretations A and B appeared realistic and broadly consistent with other data on the size and shape of the myosin heads. However, the different axial position of the major portion of the heads in interpretation B presents a problem. The overlying molecule usually appeared to be shorter than the underlying one, whereas the two myosin heads should be identical. Interpretation A, however, was easily reconciled with both reconstructions and had both heads being of essentially the same size. Furthermore, in this interpretation both the light chains, which are thought to be located mainly near the junction of the heads with the tail (6), would be on the filament surface and so relatively exposed. By contrast, in interpretation B, the light chain of the underlying head would probably be obscured to some extent by the overlying head. Because the state of light chain phosphorylation, in conjunction with thin filament Ca-sensitive proteins, controls contraction in Limulus muscle (23) , it may be important for the light chain to be easily accessible to kinases.
Additional support for interpretation A derived from the difference in location of the centers of mass of the lobes within the projection subunits. In scorpion these were separated by ~5 nm, whereas in Limulus they were separated by ~7 nm (see Fig. 4 , b and f). This contrasted with the separation between the centers of mass of the leading lobe of one subunit and the trailing lobe of the next, which was ~ 10 nm in both Limulus and scorpion thick filaments. One would expect the separation between heads within a myosin molecule to remain constant, but because they are located at a higher radius (and so are more separated circumferentially), one would expect the separation between myosin molecules (and so between heads on adjacent molecules) to be greater in the Limulus filaments. Therefore, interpretation A would be consistent with the greater separation between the lobes in the Limulus projection subunits, whereas interpretation B (in which both heads in the projecting subunit derive from the same mole-cule) would not account for this difference.
Overall we prefer interpretation A, although interpretation B probably cannot be excluded on the basis of the available data. Tarantula thick filament reconstructions (2, 22) also favor interpretation A. We attempted to obtain direct evidence for the positioning of the heads by examining the appearance of filaments near the bare zone. If the molecular packing were not altered at the bare zone, interpretation A would predict that the last line of projecting units should have half weight, whereas interpretation B would predict that the last line of subunits should have full weight. Unfortunately, the patterns in either negatively stained or shadowed filaments were not sufficiently clear to enable an unequivocal decision to be made. Since interpretation B places heads from the same molecule nearby, whereas interpretation A places heads from different molecules next to one another, it may be possible to distinguish between these interpretations by chemical methods, such as cross-linking.
Despite extensive studies, it has not been possible to demonstrate interactions between the two heads within a myosin molecule. However, there is evidence that individual S-1 heads do dimerize to an extent in solution, particularly at higher protein concentrations (5, 21) . Because the S-1 heads are thought to dimerize end-to-end (21), they may be prevented from interacting within a myosin molecule by virtue of their attachment to the rod. A striking feature of the reconstructions obtained here is the compact and ordered packing of the myosin heads on the filament surface. This would be consistent with an interaction between heads, which could easily be the same in both filament types even though the overall position of the heads is slightly different. In the case of interpretation A, this interaction would be between heads of different myosin molecules and might possibly represent an interaction between heads similar to that observed between isolated S-1 units in solution. This might account for the similarity in appearance of the projecting subunits in arthropod muscle thick filaments that have different shaft radii and paramyosin contents and so, presumably, different shaft structures (see reference 13).
Myosin Head Size and Shape
There are a number of observations about the shape, size, and orientation of the heads that would be true for either interpretation A or B.
The myosin heads are distinctly curved in both interpretations, and this agrees both with observations on isolated molecules (3) and with three-dimensional reconstructions of decorated thin filaments (20, 25, 26, 28) and scallop thick filaments (27) . The heads also have a pearlike shape in both interpretations, as originally proposed by Elliott and Offer (4). This latter feature was most marked in interpretation A, where the heads tended to take on almost a comma shape (see reference 6). There is little evidence for domain structure in the scorpion reconstruction, except that there appeared to be a subsidiary density in the tapering portion of the head near the junction with the tail. This can be seen both on the solid models and in sections through the reconstruction and may represent light chain material that has been seen in this region of the molecule by other methods (29) . The Limulus reconstruction also has this feature and, in addition, has a number of protuberances in the thicker distal region of the head, which may indicate the presence of some substructure.
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THE JOURNAL OF CELL BIOLOGY . VOLUME 101, 1985 In both interpretations, the heads appear to be -16 nm long, similar to those observed in scallop thick filament reconstructions (27) . A length as great as 18 nm could probably be reconciled with interpretation B, whereas in interpretation A, the heads would be a little shorter and could probably be reconciled with lengths as low as 14 nm. The exact size of a myosin head is controversial, but the estimate of ~16 nm from the present study is within the range of values usually quoted. Electron micrographs of shadowed myosin molecules were originally taken to indicate a pear-shaped head -19 x 5 nm (4). However, since the volume of these heads appears higher than expected on the basis of molecular weight, they may have been distorted by the preparative procedures employed. Alternatively, x-ray solution studies (18, 19) indicate a maximum chord length in S-I of 12 nm, which would be consistent with a contour length of only ~ 13-t4 nm. Reconstructions of decorated thin filaments (25, 26, 28 ) support a similar length, although difficulties in establishing molecular boundaries at high radii mean the lengths from these studies should be considered as only a minimum. The heads in the Limulus and scorpion reconstructions are thus shorter than those seen in shadowed material but longer than indicated by solution x-ray scattering.
Another feature common to both interpretations is that the heads would not be in equivalent orientations relative to the thick filament axis. This difference would be substantial in interpretation A and present, although less marked, in interpretation B. When some fluorescence and electron paramagnetic resonance probe data and also some x-ray diffraction data from muscle are interpreted, it is usually assumed that the two heads of each myosin molecule have equivalent orientations. Our results suggest that this may not be correct and raise the possibility, for example, that some data that have been taken to suggest a rather random orientation of heads in relaxed muscle might be open to reinterpretation. Some electron paramagnetic resonance probe studies (for example, reference 1) have indicated that essentially all myosin heads in relaxed muscle are highly mobile, whereas the results we have obtained here indicate a much more ordered arrangement of the heads. There was probably disorder corresponding to a root mean square displacement of 1 nm in the negatively stained filaments we investigated (and this was probably a major cause of the limitation of resolution to 5 nm), but the displacement was much less than that indicated by the probe work. Because the volume of the projecting subunits was near that expected for two myosin heads, it is unlikely that part of the head was disordered and so obscured in our reconstructions. Because of the close correspondence between the optical diffraction patterns of our negatively stained filaments and x-ray diffraction patterns of relaxed muscle (30) (31) (32) , it was unlikely that we had introduced order into our specimens. Also, the degree of order in x-ray diffraction patterns of relaxed frog and Limulus muscles appears to be similar. Thus we cannot presently account for the degree of mobility indicated by the probe results.
